Flesh really does crawl. Crowds of cells can surge forward together, form gyrating swirls and waves, segregate into types, and send off meandering tendrils or mobile exploratory clusters. Collective cell motions are crucial for everything from embryo development to wound healing to cancer metastasis. These cell colonies seem to move in concert, almost like flocks of birds, shoals of fish, or herds of wildebeest.
Some scientists are taking note of these parallels, hoping to find crucial clues about how cells coordinate. A burgeoning field of research on collective cell motion is drawing on mathematics originally developed to model animal flocks. The goal is to find order in the cellular melee and reveal how distant cells can coordinate their actions to move in unison.
"We want to know if we can begin to find some general behavior in these systems," says Cristina Marchetti of Syracuse University, New York. For all that's known about cells, their coordinated movement largely remains a mystery, one that cell-motion models may help to solve.
Marchetti once studied superconductivity, but then joined the growing band of physicists who have been drawn to the sticky problem of cell motion in recent years. "Cell biology is becoming more quantitative, so physicists are becoming more interested," she says. "We bring mathematical tools and ways of thinking: Can we characterize this behavior in terms of a few parameters, such as density?" Several different models can already mimic cells' complex collective motion, and suggest that it emerges from very simple behavior at the level of individual cells. Some models are even providing a few clues about the underlying molecular mechanisms. Researchers say that these models could eventually offer insights into wound healing and disease processes, telling us how cancers become invasive and perhaps even giving us new tools to stop them.
"What I like about these approaches is that one can begin to think about how mechanisms within individual cells must be cooperating to give rise to these global tissue dynamics," says Ryan Petrie of the National Institutes of Health in Bethesda, who works on individual cell motility.
Let the Flocking Begin
Some of the basic mechanics of cell motion are already well understood. Unlike freeswimming bacteria and sperm cells, which are propelled by spinning flagella, most eukaryotic cells crawl along by slowly reshaping their cellular scaffolding, or cytoskeleton. Many cells use a limb-like appendage called a lamellipodium, supported by intracellular protein filaments, which gradually hauls the cell forward as its structure changes.
Keratocytes taken from fish scales have been seen to race along at 20 micrometers per minute. Human skin cells that move in this way are also surprisingly spry, rapidly filling wounds to prevent infection. These biological observations reveal how cells move individually, but they do not explain why cells should sometimes decide to move in unison. That's where the models come in.
The modern understanding of animal flocks stems from work led by Tamás Vicsek at the University of Budapest in Hungary. "We were seeing similar patterns of motions in bacteria, fish, and birds," he says. "I realized there must be one simple rule for all of them." In 1995, Vicsek and his colleagues published a model (1) based on the idea that each creature-dubbed "particles" in their models-simply adopts the average speed and direction of its near neighbors, along with some random error that reflects the imprecision of most natural systems.
Starlings famously flock together in huge numbers. Such movements in birds inspired models that attempt to mimic collective cellular motion. Image courtesy of Shutterstock/ Bildagentur Zoonar.
When particles in the model are thinly scattered, they move independently in all directions. But, when the density rises above a critical level, they all start to move as one. A vast flock can form and head off in one direction, even though an individual member of the flock is unaware of what is happening beyond its near neighbors. The model shows that collective motion can emerge without any long-range signaling, and it can describe the motions of groups, ranging from birds to bacteria to baboons. But Vicsek's initial model isn't very realistic for eukaryotic cells. Cells are sticky and usually jammed together into a solid mass. So, over the past decade, several teams have adapted Vicsek's original model and modified it with cells in mind. Many of these models deal with the forces acting on each cell, including drag from their surroundings, the attraction between two adjacent cells, and the repulsion when they are pushed hard up against one another. In 2006, Vicsek collaborated on a model (2) where the cells adjust their direction to match the net force exerted on them. These model cells act a bit like cattle: they will go the way you shove them, more or less.
To test the model, Vicsek's team took keratocytes from goldfish scales and corralled them within a square. The cells spontaneously started to move in a coordinated wheeling motion around the middle of the confined space, just as the model predicted.
Xavier Trepat of Harvard University in Cambridge, Massachusetts, and his colleagues have observed similar herding in kidney cells (3) . The researchers laid down a sheet of these cells on a soft gel substrate studded with microscopic beads, which shifted in response to any forces exerted by crawling cells. Researchers had once assumed that the cells at the edge of a sheet do most or all of the work, dragging the others behind them. But Trepat's team found that cells across the sheet were all pushing forward as a team, suggesting that information was passing from cell to cell, coordinating their motion in a particular direction.
Spreading the Word
In 2012, Herbert Levine, a biophysicist at Rice University in Houston, was part of a team that developed a model similar to Vicsek's, but with slightly different rules for how cells move (4). Levine's cells try to drag themselves in the direction they are already going, reinforcing the movement of the herd. This model captures, for example, the finger-like protrusions and rotating swirls in a sheet of canine kidney cells seen by Thomas Angelini, who studies collective movement in living and inanimate soft matter systems at the University of Florida in Gainesville (5). When the model's cells are more densely packed, the swirls become larger and slower, exactly what Angelini saw in the laboratory.
Levine argues that this teamwork might arise from the way that a cell uses its lamellipodium. Cells must maintain these limbs by continuously building protein filaments, he says. "If that stops, the front edge will retract." So if a lamellipodium is not already aligned with the cell's motion, it could be allowed to wither away. "Our assumption is it will shrink back and then re-form in a more aligned direction," says Levine.
Meanwhile, Nir Gov of the Weizmann Institute in Rehovot, Israel, is trying to explain cell flocking at an even deeper level. Last year, his team unveiled a model that includes the effects of molecules such as cadherins that stick cells together (6) .
When cells at the edge of a flock begin to move into a wound, they stretch away from the cells behind and break some of these adhesive links. That triggers the trailing cells to extend a lamellipodium in the right direction so that they can catch up, Gov suggests. "This would eventually act to make relative velocity as small as possible, which is what the original Vicsek interaction does," he says. This causes the cells in Gov's model to move forward in waves, as seen in laboratory experiments by his group, and by another team led by Xavier Serra-Picamal at the University of Barcelona, Spain (7) . Models such as these, which simulate many individual cells, have been increasingly successful at capturing and predicting biological reality. But they come with a heavy computational burden. So researchers have developed alternative models that treat cells not as particles but as a smooth continuum, like a fluid or an elastic sheet. "The advantage of this hydrodynamic approach is you can look at arbitrarily large systems," says John Toner of the University of Oregon, Eugene, who initiated this approach to flocking in the 1990s.
Toner's latest work looks at cell movement in disordered landscapes, where obstacles might send particles zooming off in random directions. Rather than being scattered as one might expect, the flocks can still hang together, although larger groups do move more slowly. This could be relevant to real-world situations, such as skin cells moving into a wound.
Corralling Cancer
Understanding cell flocking at each of these scales-from the microscopic to the molecular-may eventually reveal how to control them in the body. The biggest prize is using this approach to tackle cancer. Brain tumors called gliomas, for example, send out tendrils of cancerous cells into surrounding tissue. Iain Couzin at Princeton University, New Jersey, likens these tendrils to exploratory ant trails, and has developed a model to describe them that involves an antlike differentiation of roles between cells: a few modified cells lead the way, drawing the others along in their wake (8) . Couzin suggests that such marching columns may be more effective than individual colonizers at punching through healthy tissue, and better at defending themselves from the immune system. If researchers can find out what is guiding them, it might be possible to use drugs to control how these tumors spread, perhaps confining them or herding the cells into areas where they can be treated without damaging vital tissue. In the nearer term, says Couzin, understanding cell swarms might help clinicians to predict the spread of diffusive brain tumors, to guide surgery or radiotherapy.
Elsewhere, there is increasing evidence that tumors use collective motion to metastasize. The traditional picture of metastasis is that individual cells become motile and establish new colonies, but it may be that mobile clumps of cells are more dangerous. In 2013, a group including Dan Haber of the Harvard Medical School in Boston, saw small clusters of up to about 50 breast cancer cells circulating in the blood (9) . Although these clusters are rare, the researchers found that they are a major factor in the metastatic spread of cancer.
Figuring out how stationary cells free themselves from a primary tumor and form a mobile cell cluster might allow clinicians to identify a tumor that is becoming invasive, and thus aid cancer prognosis. A more distant dream involves using drugs to prevent the formation of mobile clusters in the first place.
There is already evidence that mobile clusters form when cells stick more strongly to each other than to the surrounding tissue matrix, says cell biologist Rick Horwitz, at the Allen Institute for Cell Science in Seattle. Indeed, in Haber's breast cancer study, a lack of plakoglobin, which helps to bind cells together, suppressed metastasis.
The emergence of these clusters is a rather different problem than migrating cells on a flat substrate. Levine has been trying to create a model that describes the chemical or mechanical stimuli that might free a cluster of cells. "Our minimalist model does identify cell-cell adhesion as a key parameter governing the transition between collective and individual motion," he says. "What has proven difficult is getting a simple model that can give quantitative answers for a variety of situations: we want our models to describe both static situations and motile flocks and clusters versus single cells." Levine says he and his group are working on a paper that could present a solution.
To home in on the origins of cell flocking, researchers need more quantitative comparisons between experiments and models. That requires precise measurements of the motion and forces in real cell flocks and testing models in many different situations, not just on simple, flat substrates. "A promising direction involves experiments on patterned substrates that allow us to confine and direct cell motion," says Marchetti. The models will likely also be tested against observations of 3D cell motion in extracellular matrix cultures.
Cell wrangling turns out to be a tough job. But one day, researchers, guided by clever models inspired by nature, might find a way to corral an invading tumor swarm or spur tardy skin-cell herds to move faster into the breach.
